Istituto Cantonale Batteriologico, Via Ospedale 6 , 6904 Lugano, Switzerland, and Unit6 d'Ecologie Seventy -three strains of the seven recognized Listeria species were studied by performing a multiiocus enzyme electrophoresis analysis of 18 enzyme loci. The mean number of alleles per locus was 9.5 and all of the loci were polymorphic. A total of 56 electrophoretic types were distinguished. Cluster analysis of a matrix of the genetic distances between paired electrophoretic types revealed that there were six principal clusters at the species level (genetic distances between clusters greater than 0.8). Listeria monocytogenes, Listeria innocua, Listeria welshimeri, Listeria seeligeri, and Listeria ivanovii each corresponded to one of these clusters with no overlap. Our results are in agreement with those of previous DNA hybridization experiments ( In the last few years, the taxonomy of the genus Listeria has undergone extensive modifications, mainly because of the now well-established DNA hybridization techniques. On the basis of the results of DNA homology studies, the former species Listeria monocytogenes has been divided into five genomic groups (12); these are Listeria monocytogenes sensu stricto, Listeria innocua (18), Listeria welshimeri, Listeria seeligeri (13), and Listeria ivanovii (20) . A few biochemical tests (14) differentiate these species, which are phenotypically similar (4). On the basis of DNA-DNA hybridization, DNA base composition, and 16s rRNA cataloging data and the results of numerous other chemotaxonomic methods, Listeria denitrijicans (10) was recently excluded from the genus and renamed Jonesia denitrificans (16). The positions of Listeria grayi (3) and Listeria murrayi (27) remain uncertain. These two species are closely related to one another, both phenotypically (4, 17, 28) and genetically (26). Moreover, their inclusion in the genus Listeria has been controversial (26), and in Bergey's Manual of Systematic Bacteriology they are described as species incertae sedis (19).
In the last few years, the taxonomy of the genus Listeria has undergone extensive modifications, mainly because of the now well-established DNA hybridization techniques. On the basis of the results of DNA homology studies, the former species Listeria monocytogenes has been divided into five genomic groups (12) ; these are Listeria monocytogenes sensu stricto, Listeria innocua (18) , Listeria welshimeri, Listeria seeligeri (13) , and Listeria ivanovii (20) . A few biochemical tests (14) differentiate these species, which are phenotypically similar (4). On the basis of DNA-DNA hybridization, DNA base composition, and 16s rRNA cataloging data and the results of numerous other chemotaxonomic methods, Listeria denitrijicans (10) was recently excluded from the genus and renamed Jonesia denitrificans (16) . The positions of Listeria grayi (3) and Listeria murrayi (27) remain uncertain. These two species are closely related to one another, both phenotypically (4, 17, 28) and genetically (26) . Moreover, their inclusion in the genus Listeria has been controversial (26) , and in Bergey's Manual of Systematic Bacteriology they are described as species incertae sedis (19).
Multilocus enzyme electrophoresis (MEE) has been used for many years in eucaryotic genetics. Only recently has the usefulness of this method for bacterial taxonomic and evolutionary studies been recognized (21) . The data provided by MEE allow not only identification of different genotypes within a population, but also estimation of the genomic relatedness of the organisms. New bacterial species have been recognized (22) and the classification of other species has been confirmed with MEE (24). Recently, using this technique, we and other workers analyzed populations of L . monocytogenes (1, 9) . In this study, we extended MEE analysis to the whole genus Listeria to investigate the genomic distances between Listeria species.
MATERIALS AND METHODS
Bacterial isolates. We analyzed 73 isolates (Table l) strains, 7 L . welshimeri strains, 13 L . seeligeri strains, 12 L . ivanovii strains, 5 L . grayi strains, and 5 L . murrayi strains. These isolates originated from humans, animals, food, and the environment, and most were registered in the Listeria Collection of the Pasteur Institute (CLIP), Paris, France, and in the Special Listeria Culture Collection (SLCC), Wurzburg, Federal Republic of Germany; the exceptions were one strain of L . monocytogenes (strain CHE2) which was isolated from a human clinical case related to the Swiss epidemic (9) and seven L . innocua strains that were isolated in Switzerland (five strains), Belgium (one strain), and Italy (one strain) from food and the environment.
Species were identified by using methods described elsewhere (14). Reduction of nitrate (to differentiate between L . grayi and L . murrayi) was carried out by using 0.1% KNO, in heart infusion broth (Difco).
Lysates and electrophoresis. Lysate preparation, electrophoresis, and selective staining for the following enzymes were performed as described by Selander et al. (21) : aconitase, acid phosphatase (ACP), adenylate kinase (ADK), alanine dehydrogenase (ALD), fumarase, NADP-dependent glutamate dehydrogenase, NAD-dependent glyceraldehyde-3-phosphate dehydrogenase, glucose-6-phosphate dehydrogenase (G6P), indophenol oxidase, lactate dehydrogenase, mannose phosphate isomerase, nucleoside phosphorylase, L-phenylalan yl-L-leucine peptidase (PEP), 6-phosphogluconate dehydrogenase, phosphoglucose isomerase, and phosphoglucomutase. The following modifications were used routinely: electrophoresis for catalase and ADK was performed in buffer F, electrophoresis for glutamic-oxalacetic transaminase (GOT) was performed in buffer A, and electrophoresis for G6P and mannose phosphate isomerase was performed in buffer B (21) . Specific staining procedures for catalase and GOT were performed by using the method of Harris and Hopkinson (7) .
Statistical analysis. Statistical analysis of the data was performed with a computer program designed by T. S. Whittam and R. K. Selander. Briefly, the genetic distance between electrophoretic types (ETs) was expressed as the proportion of loci at which dissimilar alleles occurred (21) . Clustering of ETs was determined by using the average- linkage method and a matrix of coefficients of pairwise genetic distances.
RESULTS
Enzyme loci and alleles. The 18 enzyme loci analyzed were all polymorphic. The mean number of alleles per locus was 9.5 (range, 2 [nucleoside phosphorylase] to 17 [ACP]). L. monocytogenes and L. grayi had no monomorphic loci with specific alleles (alleles not shared with other species), while L . innocua had four such loci (ADK, ALD, NADP-dependent glutamate dehydrogenase, and indophenol oxidase), L. welshimeri had one (ALD), L. seeligeri had four (ADK, ALD, PEP, and 6-phosphogluconate dehydrogenase), L . ivanovii had nine (aconitase, ACP, ADK, ALD, GOT, G6P, mannose phosphate isomerase, PEP, and phosphoglucose isomerase), and L . murrayi had one (ALD). L. grayi and L. murrayi shared six common monomorphic alleles (ADK, GOT, G6P, lactate dehydrogenase, PEP, and phosphoglucose isomerase) which were not found in any other Listeria species.
ETs. The 73 Listeria strains represented 56 distinct ETs (Table 2) . No ET was shared by different species. A total of 13 ETs were identified for L. monocytogenes, 10 ETs were identified for L . innocua, 12 ETs were identified for L. seeligeri, 6 ETs were identified for L. welshimeri, 8 ETs were identified for L. ivanovii, 3 ETs were identified for L . grayi, and 4 ETs were identified for L . murrayi. The Swiss epidemic strain was designated ET 1 as in a previous report (9) .
Cluster analysis and dendrogram. Clustering of the 56 ETs revealed six major divisions (principal clusters I to VI) that were separated at genetic distances greater than 0.8 (range, 0.80 to 0.96) (Fig. 1) . The genetic distances between two ETs belonging to the same principal cluster did not exceed 0.61
welshimeri, and L . ivanovii were each represented by a separate principal cluster, with no species overlap. This was not the case for L . grayi and L. murrayi ETs, which formed a unique principal cluster. In addition, no major cluster was found for the ETs of these two species (the greatest genetic distance in this principal cluster was 0.34).
ETs represented by atypical strains (catalase negative, nonmotile, nonhemolytic, and a-methyl-D-mannoside negative for L . monocytogenes or trehalose negative for L. innocua) did not constitute distinct clusters and thus could not be significantly separated from the other genotypes.
There was no correlation between the known serovars and population structures of L. innocua, L. seeligeri, and L. welshimeri. For L . monocytogenes, the recently described division of the species into two main clusters corresponding to two groups of serovars (serovars 1/2a, 1/2c, and 3a and serovars 1/2b, 3b, 4b, an 4a) was also observed in this study (Fig. 1.) .
DISCUSSION
For more than 20 years, chemotaxonomic properties have been used extensively in bacterial classification, but in the case of the genus Listeria this has been done without significant success. Analysis of the peptidoglycan has shown that all Listeria species share the same structure (3, which is also present in other genera. The polyribitolphosphate types of teichoic acids, which make up 60 to 75% of Listeria cell walls (including L . grayi and L. murrayi cell walls), correlate with the serovars (6) but not with the species that are presently recognized (there is serovar overlap between species). Moreover, the lipoteichoic acids isolated from Listeria spp. are identical for all of the species studied except L. grayi and L. rnurrayi, which have slight differences (17) . Cell wall menaquinone characterization data (2, 4), as well as fatty acid composition data (4, l l ) , have not revealed differences that are significant enough to allow Listeriu species differentiation. This is also true for cytochrome composition data, which are similar for all of the strains studied so far (4). Finally, DNA base composition is relatively constant within the genus Listeria (L. gruyi and L . murrayi have slightly higher guanine-plus-cytosine contents [19, 251) .
In conclusion, although the results described above support affiliation of the strains which were analyzed with the genus Listeria, they do not provide a basis for species discrimination. The contributions of numerical taxonomy and DNA-DNA hybridization have been more successful. However, some of the conclusions based on data from these methods are still divergent. Of the five distinct genomic groups of Rocourt et al. (12) , groups 2 ( L . ivanovii) and 3 (L. innocua) were also identified by using numerical taxonomy (4); in addition, numerical taxonomy analysis split group 1 (L. monocytogenes) into two phena (containing strains of serovars l a and 3a and strains of serovars 1/2c, 4a, 4b, and 4c). Genomic groups 4 ( L . welshimeri) and 5 (L. seeligeri) could not be identified by using numerical taxonomy (the type strains have not been included in recent works and the use of L. monocytogenes sensu lato in older studies makes the interpretation of data difficult). The low levels of DNA relatedness (level of homology, 18 to 58%; change in thermal denaturation point, above 7.1"C) among the five genomic groups are not in agreement with their high levels of phenotypic similarity (80%). This led Feresu and Jones (4) to question whether the five genomic groups really represent different species or only subspecies of L . monocytogenes.
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a ACO, Aconitase; CAT, catalase; FUM, fumarase; GD2, NADP-dependent glutamate dehydrogenase; GP1, NAD-dependent glyceraldehyde-3-phosphate dehydrogenase; IPO, indophenol oxidase, LDH, lactate dehydrogenase; MPI, mannose phosphate isomerase; NSP, nucleoside phosphorylase; 6PG, 6-phosphogluconate dehydrogenase; PGI, phosphoglucose isomerase; PGM, phosphoglucomutase. For other abbreviations see text.
divergences between the results of numerical taxonomy and DNA hybridization studies.
We analyzed 18 enzyme loci of 73 isolates belonging to seven Listeria species (Table 1) and found 56 ETs.
Selecting a limited set of enzyme loci (for example, loci with great genetic diversity) can influence estimates of genetic distances. Since in our study we did not make such a selection and used all of the enzymes at our disposal, we assume that our estimates represent the true genetic distances between ETs. The results of the cluster analysis are shown in the dendrogram in Fig. 1 . The principal clusters (clusters I to VI) are separated at depths greater than 0.8, and the genetic distances within each cluster are less than 0.61 (a value between 0.60 and 0.70 may be considered critical for separating ETs from different species). Thus, clusters I to VI can unambiguously be equated with six species, and each isolate is clearly associated with one of these taxa. Our results are in agreement with the conclusions of DNA-DNA hybridization experiments (12), as well as biochemical differentiation experiments (14), for L. monocytogenes (cluster I), L . innocua (c!uster 11), L. welshimeri (cluster 111), L . sedigeri (cluster IV), and L . ivanovii (cluster V). They do not support the proposal of Feresu and Jones, which was based on phenotypic similarity data (80% similarity for 140 criteria), that all of these bacteria should be considered members of only one species (4).
Cluster I is divided into two serovar-correlated groups of strains, as previously reported (1, 9). The genetic distance found between these groups is 0.61, which is similar to the value found previously in a natural population of L. monu-
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cytogenes (0.54) (9) . These groups probably represent phena 1 and 2 of Feresu and Jones (4), which contain similar associated serovars. Only reference strain ATCC 15313T (T = type strain) had an abnormal position, but it clearly belongs to the species L . monocytogenes. It is an unhappy coincidence that such an atypical strain (8) was chosen as the reference strain of the species.
All of the isolates of L . grayi and L. murrayi belong to cluster VI. ET 51 contains the L . grayi reference strain (strain ATCC 19120*) and is genetically closer to ETs representing L . murrayi (genetic distance, 0.11 to 0.29) than to other ETs belonging to L . grayi (genetic distance, 0.34). In a recent numerical taxonomy study, Feresu and Jones (4) also noticed that a strain designated L . grayi was phenotypically more similar to L . murrayi than to the other L . grayi strains. Thus, our results support the conclusions of previous work (4, 26, 28) which showed that L . grayi and L . murrayi are members of a single species. According to the numerical taxonomy data of Wilkinson and Jones (28) , these organisms should be considered two biotypes of the same species.
The seven ETs of cluster VI share 12 specific electromorphs not found elsewhere, 6 of which are monomorphic, and their estimated genetic distance from the other strains is great (0.96). Thus, in agreement with the results of other studies (12, 17, 25, 26) , these organisms should be considered apart from the other taxa belonging to the genus Listeria. Since there are not sufficient common alleles to allow reliable evaluation of genetic relatedness at this level, we are not in a position to confirm the inclusion of L . grayi and L . murrayi in the genus Listeria as suggested by previous 16s rRNA oligonucleotide cataloging experiments (15) .
In conclusion, we emphasize that MEE not only is a useful tool for epidemiological investigations, but also can make significant contributions to taxonomic studies. This method allows clear separation of phenotypically similar species and evaluation of their genomic relatedness within a genus. Data provided by MEE are generally strongly correlated with data from DNA-DNA hybridization studies (23; this paper). Furthermore, the method allows easy analysis of a great number of strains without the problems associated with the use of radioactivity.
